Aims Functional trait differences and trait adjustment in response to influences of the biotic environment could reflect niche partitioning among species. In this study, we tested how variation in above-ground plant traits, chosen as indicators for light and nitrogen acquisition and use, differs among taxonomically closely related species (Poaceae) to assess their potential for niche segregation at increasing plant diversity. † Methods Traits of 12 grass species were measured in experimental grasslands (Jena Experiment) of varying species richness (from 1 to 60) and presence of particular functional groups (grasses, legumes, tall herbs and small herbs). † Key Results Grass species increased shoot and leaf length, investment into supporting tissue (stem mass fraction) and specific leaf area as well as reduced foliar d
INTRODUCTION
Plant functional traits are morphological, physiological or lifehistory characteristics which directly or indirectly influence plant fitness via their effects on survival, growth and reproduction (Violle et al., 2007) . The set of trait values of a species results from trade-offs among different functional requirements (Díaz and Cabido, 1997) . Such a set of trait values may reflect strategies which species use to respond to their abiotic and biotic environment (Suding et al., 2003) . Differences among species in such strategies may allow complementary resource use and thus local coexistence of a number of plant species in a small area (Silvertown, 2004) . Consequently, functional differences among species which compete for the same major resources are a prerequisite for complementary strategies of resource acquisition and use (e.g. Tilman et al., 1997) .
Complementary resource use among species can promote positive effects of increasing species richness on primary productivity of plant communities. This has been observed in a number of biodiversity experiments (Hooper et al., 2005; Balvanera et al., 2006) . Capture of above-and belowground resources have been shown to increase at increasing plant diversity (e.g. Spehn et al., 2005; Oelmann et al., 2007; Lorentzen et al., 2008) . Maximization of growth demands for an optimal allocation of resources (Bloom et al., 1985; Hirose, 1987) . Trait plasticity allows plant species to compensate for growth-limiting constraints and to cope with a wider range of environmental conditions (Schlichting, 1989) . Functional traits are increasingly used to describe and group plant species according to their functions, to understand and to predict the assembly and stability of plant communities and ecosystem functioning, but so far, in particular, the effects of plant diversity on the expression of plant functional traits have not been studied in detail.
Multiple changes in the biotic and abiotic environment of a plant at increasing community diversity require a co-ordinated response in numerous traits to achieve a balance among different functions, which could finally affect niche partitioning among co-existing plant species. For instance, smaller plants growing in the canopy shade of taller neighbours, may adjust morphological traits to avoid or tolerate low light availability through the formation of longer and thinner leaves or an increase in stem length (Valladares and Niinemets, 2008) . Variation in leaf nitrogen content per unit leaf mass, which positively correlates with rates of light-saturated photosynthesis, may serve as a physiological adjustment to improve photosynthetic carbon gain (Anten and Hirose, 2003) .
Foliar isotopic signatures can be used as integrative measures providing information about plant species interactions or environmental changes. Foliar N isotope ratios (d 15 N) of non-legume species may indicate shifts in the uptake of different N sources at increasing competition for soil nitrogen or the supply of depleted legume-derived N in communities with legumes (Högberg, 1997; Craine et al., 2009) . Declining foliar carbon isotope ratios (d 13 C) may indicate higher photosynthetic activity or stomatal conductance (Farquhar et al., 1989; Dawson et al., 2002) if d 13 C of source CO 2 remains stable (Buchmann et al., 2002) .
In the present study, 12 grass species were used as a model to study functional traits of above-ground plant organs related to light and nitrogen acquisition and use in a long-term biodiversity experiment based on a pool of 60 temperate grassland species divided into four functional groups: grasses, legumes, small herbs and tall herbs (Jena Experiment; Roscher et al., 2004) . Grasses represent a group of taxonomically and phylogenetically closely related species in grasslands and are often regarded as a single plant functional group. At the same time, they usually form the matrix in grassland vegetation and dominate biomass abundance distributions. Thus, the question arises how different species within this functional group may coexist if they are so closely related and thus prone to compete strongly for the same resources. One possibility is that these species have evolved different strategies that allow them to occupy different resource niches (Silvertown et al., 2001) . However, it is also possible that these grass species do not differ in their resource niches, but that neutral processes such a demographic stochasticity or dispersal allow for their coexistence (Hubbell, 2001) . To assess whether niche differentiation contributes to explain the coexistence of grass species in plant communities of increasing diversity, the following were tested: (a) whether functional traits of grass species indicate different strategies for light and nitrogen acquisition and use; (b) how these grass species adjust their traits by plasticity in response to increasing species richness and presence of other plant functional groups; and (c) whether the strategies found in (a) and (b) will allow species to avoid competition by increased niche segregation at increasing plant diversity.
MATERIAL AND METHODS

Field site and experimental design
The Jena Experiment was established in spring 2002 on former highly fertilized agricultural land. The field site is located in the floodplain of the River Saale close to Jena (Thuringia, Germany; 50855'N, 11835'E, 130 m a.s.l.). The soil is an Eutric Fluvisol developed from up to 2-m-thick fluvial sediments. Soil texture ranges from sandy loam near the river to silty clay with increasing distance from the riverside. The region around Jena is characterized by a mean annual air temperature of 9 . 3 8C and a mean annual precipitation of 587 mm (Kluge and Müller-Westermeier, 2000) .
The experimental species pool consisted of 60 grassland species (central European mesophilic grasslands of the Molinio-Arrhenatheretea type; Ellenberg, 1988) which typically occur in meadows of the study region. Based on a cluster analysis of morphological, phenological and physiological traits compiled from literature (Roscher et al., 2004) , species were assigned to four plant functional groups: 16 grasses, 12 small herbs, 20 tall herbs and 12 legumes. In total, 82 large plots, 20 × 20 m in size, were established crossing the experimental factors species richness (1, 2, 4, 8, 16 and 60) and functional group composition (grass × small herb × tall herb × legume presence) in a near-orthogonal design. Additionally, two monoculture plots per species, 3 . 5 × 3 . 5 m in size, were sown. At each richness level, different species compositions were determined by random draws from the species pool with replacement, thus allowing partial overlap of species compositions.
Species were sown with an initial density of 1000 viable seeds per square metre equally distributed among species in mixtures. The experimental site was divided into four blocks parallel to the river to account for the gradient in soil characteristics, and each block contained an equal number of plots per richness level (for further details, see Roscher et al., 2004) . All plots were regularly weeded. Plots were mown twice a year in early June and September to mimic the traditional management of extensive hay meadows in the region. No fertilizer was added during the course of the experiment.
Data collection
Twelve grass species were chosen for the current study and investigated in all large plots in which they were present (totalling 37 out of the 82 large plots) and in two small monocultures per species (see Table 1 for an overview of species occurrences). Four years after sowing, the experiment data were recorded in two campaigns at estimated peak biomass shortly before mowing in May and August 2006. At this time plant communities were adequately developed to exclude establishment effects.
Modules, i.e. single shoots (Harper and White, 1974) , were the basic unit for all measurements because the ability of some grass species to grow with below-ground runners does not allow for the identification of plant individuals (genets) of these species in dense vegetation. Five to seven modules per species and plot were randomly selected along a line transect divided into fixed sections, excluding the outer 50 cm from the plot margin. To avoid sampling from a single genet twice, the minimum distance between sampled modules was 1 m. In the field, module height and canopy height of the surrounding vegetation within a radius of 20 cm were measured. Canopy height was used to calculate relative module height (module height divided by canopy height) and served as a surrogate for the experienced light regime.
Modules were cut off at ground-level, put in sealed plastic bags to prevent dehydration and transported in a cool box into the laboratory. In the laboratory, stem length and length of three internodes in the upper shoot part were measured. A leaf area meter (LI-3000A portable area meter; Li-COR, Lincoln, NE, USA) was used to determine the length and area of three or four fully developed leaf blades per module. Plant material was separated into leaf blades (later referred to as leaves), supporting tissue (leaf sheaths and stems; later referred to as stems), inflorescences and dead tissue, dried for 48 h at 70 8C and weighed. For subsequent chemical analyses, the samples of each species were pooled per plot and ground to a fine powder. Nitrogen concentrations as well as nitrogen and carbon isotope ratios (d 15 N and d 13 C, respectively) were determined from the measured leaf blades with an isotope-ratio mass spectrometer (Finnegan MAT Delta plus XP, Bremen, Germany). The residual plant material was analysed for nitrogen concentrations with an elemental analyser (Flash EA 1112; Thermo Italy, Rhodano, Italy) to assess total nitrogen concentrations per module. Traits derived from field and laboratory measurements are summarized in Table 2 .
Data analyses
Trait values were averaged per species and plot for each harvest campaign. Because most shoots of grass species reached the reproductive stage before first mowing and grasses usually do not develop inflorescences after the first cut later in the season, seasonal differences equally refer to trait differences between reproductive and vegetative shoots in this study.
Because individual grass species were randomly assigned to mixtures, not all possible functional group combinations occurred for each species. To account for this design imbalance (see Table 1 ), data were analysed with mixed-effects models using the lme function in the package nlme of the statistical software R2 . 11 . 1 (R Development Core Team; http:// www.R-project.org). Starting from a constant null model with block and plot within block as random factors, fixed Alopecurus pratensis 2/0 (2/0)
In total, all grass species were grown in two replicated monocultures per species and occurred in 37 experimental mixtures. Values in parentheses indicate the original number of plots where the seed mixtures contained the respective grass species and differ from the number of sampled plots when species abundance was too low for sampling.
effects were entered step-wise into the analyses. First, species richness (SR; log-linear term) and contrasts for the presence/ absence of each particular plant functional group -legumes (LEG), small herbs (SHERB) and tall herbs (THERB) -were fitted in series of separate models. A term for grass species identity (ID) and its interaction terms with the previous terms (ID × SR and ID × LEG, ID × SHERB or ID × THERB) were then added to the models. Finally, terms were added for season (May vs. August harvest campaign) and interactions between season and the previously fitted terms. The maximum likelihood method and likelihood ratio tests (L ratio) were applied to assess the statistical significance of model improvement. To disentangle the effects of species richness and the presence/absence of plant functional groups, which do not vary completely independently, alternative models entering species richness after a term for the presence/absence of particular functional groups were fitted. If necessary, data were transformed to meet the assumptions of normality and homogeneity of variances. Variation in multiple traits of grass species was explored for reproductive (May) and vegetative (August) modules separately with standardized principal components analyses (PCA) using CANOCO 4 . 5 (ter Braak and Š milauer, 2002) . To assess the effects of species richness and the presence/absence of particular functional groups on trait 'syndromes' of grasses, the principle component scores on the two leading axes were analysed with mixed-effects models as described above.
To assess whether variance in trait values among different grass species is higher in diverse plant communities, separate models were fitted with the lmer function in the package lme4 of the statistical software R. Trait data recorded in monocultures and 60-species mixtures were used for these analyses, because all the grass species studied are equally represented at these levels of species richness (Table 1) . Here, grass species identity was treated as random factor and the restricted maximum likelihood method was applied to estimate variance components. Niche separation among grass species was assessed from between-species variance components (square root of variance explained with the species identity term), and average niche width was estimated from within-species variance components (square root of residual variance) (Dimitrakopolous and Schmid, 2004) . To assess whether trait adjustment of grass species led to increased niche segregation among grass species in diverse plant communities, convex hull volumes of trait space occupied by species in monocultures and in 60-species mixtures were computed using the FD package of the statistical software R (Laliberté and Shipley, 2010) . The convex hull is defined as the minimum convex set enclosing species positioning in multiple-trait space (Barber et al., 1996; Cornwell et al., 2006) .
RESULTS
All measured traits differed significantly among grass species (Table 3) . Plant diversity in terms of species richness had significant effects on values of most traits, although the magnitude of trait plasticity in response to increasing species richness varied among grass species (significant interaction 'ID × SR'; Table 3 and Fig. 1 ). Legume presence, fitted after species richness mostly explained a significant proportion of residual variation in trait values, while the presence of tall herbs or small herbs rarely had additional effects on trait values of grass species (Table 3) . Species richness fitted after legume presence often did not remain statistically significant, indicating that species richness effects were indirectly mediated through a high responsiveness of grasses to the presence of legumes which was more likely in experimental communities with higher species richness (Table 3) .
Surrounding canopy height and grass positioning within the canopy Canopy height of the experimental grasslands increased with increasing species richness (L ¼ 6 . 95, P ¼ 0 . 008) and was higher in communities with legumes (L ¼ 6 . 43, P ¼ 0 . 011). Relative height of grasses, i.e. species positioning within the canopy, decreased with increasing species richness (Fig. 1A ), but this effect was exclusively due to the inclusion of legumes ( Fig. 2A and Table 3 ). Grasses differed largely in their relative height. Early in the season, before first mowing, three grass species were taller than the surrounding vegetation (A. pratensis, A. elatius and D. glomerata; one-sample t-test, P , 0 . 050), two species were shorter (A. odoratum and F. rubra) and the other species did not differ from the surrounding vegetation in height. Late in the season, before the second mowing, nine grass species reached the average canopy height, whereas three (F. rubra, P. pratensis and P. trivialis) did not.
Traits associated with light acquisition
On average, grass species formed longer shoots, invested a larger proportion of biomass in supporting tissue (higher stem mass fraction) and had leaves with a higher specific leaf area (SLA) in plant communities of increasing species richness (Fig. 1B-D) , which was mainly attributable to the inclusion of legumes in the experimental communities (Fig. 2B-D and Table 3 ). In addition, grasses had generally longer leaves in communities with legumes (Figs 1E and 2E) . The formation of longer internodes ( Fig. 1F and 2F) as well as the amount of plasticity in the previously mentioned traits in response to increasing species richness and legume presence depended on grass species identity (Table 3) .
Traits associated with nitrogen acquisition and use
Leaf nitrogen concentrations were higher and biomas s : N ratios in shoots of grasses were lower in plant communities with legumes, while species richness on average did not affect N concentrations in grasses (Figs 1G, H and 2G, H, and Table 3 ). However, irrespective of legume presence, increasing species richness explained residual variation in biomas s : N ratios dependent on grass species identity (interaction 'ID × SR' significant if fitted after legume presence; Table 3 ). Models were fitted by stepwise inclusion of the fixed effects. Likelihood ratios (L ratio) were used to assess model improvement and levels of significance are given (* P ≤ 0 . 050; ** P , 0 . 010; *** P , 0 . 001). For models in series (A) the species richness term was fitted prior to contrasts for the presence/absence of a particular plant functional group, while in model series (B) a contrast for the presence/absence of legumes was fitted before species richness.
Note that in series (A) contrasts for each plant functional group were tested in series of alternative models. Arrows indicate a significant increase ( ) or decrease ( ) of trait values in response to increasing species richness or the presence of a particular plant functional group.
(M) for May and (A) for August after the significance level for the term of season indicate that trait values were larger at the respective harvest date. Abbreviations: SR ¼ species richness (log-linear), LEG ¼ legume presence/absence, THERB ¼ tall herb presence/absence, SHERB ¼ small herb presence/absence, ID ¼ grass species identity.
Foliar isotopic signatures
Foliar d 15 N values decreased with increasing species richness, while effects of legumes on 15 N/ 14 N isotopic ratios were not significant when fitted after species richness (Table 3 and Figs 1I and 2I) . However, foliar d
15 N values and the effects of increasing species richness and legume presence differed largely among grass species (Table 3) . On average, foliar d
15 N values were not related to leaf N concentrations (L ¼ 1 . 57, P ¼ 0 . 211).
Both increasing species richness and legume presence resulted in a decline of foliar d
13 C values of grass species, but variation in foliar d 13 C values in response to plant diversity depended on grass species identity (Table 3 and [A. pratensis (early season only), D. glomerata (late season only)] and did not correlate with these variables in B. erectus.
Seasonal differences in trait values
Grasses differed in morphological characteristics between early and late seasons. These differences correlated with differences between reproductive modules (before first mowing) and newly developed vegetative modules (before second mowing). Reproductive modules of grass species before first mowing were generally taller, had a larger stem mass fraction, lower SLA and shorter leaves than vegetative modules before the second mowing (Fig. 3 and Table 3 ). After regrowth before the second mowing, grasses had larger leaf nitrogen concentrations and their biomas s : N ratio was reduced. 
Trait combinations reflecting grass species strategies
The first and second axes of standardized PCA of trait values of grasses explained .50 % of the trait variation of reproductive shoots (before first mowing in May) and of vegetative shoots (before second mowing in August). The first axis in the analysis of reproductive shoots (Fig. 4A ) correlated with traits characterizing height growth, i.e. shoot length, internode length and stem mass fraction, and separated taller grass species (A. pratensis, A. elatius, A. pubescens, D. glomerata and T. flavescens) from grass species with smaller reproductive shoots (A. odoratum, F. rubra, Ph. pratense, P. pratensis and P. trivialis). The second axis had high positive loadings for leaf nitrogen concentration and SLA and negative loadings for shoot biomas s : N ratio and foliar d For both analyses of reproductive and vegetative modules legume presence was the main experimental factor that explained species positioning on the first ordination axis (Table 4) . Both species richness and legume presence explained species positioning at the second principal component in analysis of reproductive modules, while species positioning at the second ordination axis in analysis of vegetative modules was attributable to speciesrichness effects. Ordination axes indicated highly significant differences among species in their trait 'syndroms' and differential effects of increasing species richness or legume presence on trait values. For instance, some species such as A. pratensis, A. pubescens and D. glomerata increased their investment in height growth (longer shoots and leaves) in communities with legumes. Other species such as F. pratensis, F. rubra, Ph. pratense and P. trivialis increased their leaf nitrogen concentrations and SLA or the trait plasticity in response to legume presence differed between reproductive and vegetative shoots (e.g. T. flavescens).
Niche segregation among grass species in monocultures and 60-species-mixtures
Between-species-variance components in shoot length, leaf length and foliar d 13 C values were larger in 60-species mixtures than in monocultures, suggesting a larger niche separation among grass species (Table 5) . Differences in between-species variance components between both speciesrichness levels in other traits varied between reproductive and vegetative modules. Between-species variance components in stem mass fraction and internode length of reproductive modules were smaller in 60-species mixtures than in monocultures indicating niche contraction. In contrast, between-species variance components in leaf nitrogen concentrations, foliar d The occupied niche space of grass species, estimated as convex hull volume of trait space based on all possible nine trait axes, was higher in 60-species mxtures than in monocultures (reproductive modules in monocultures, 0 . 009; in 60-species mixtures, 0 . 064; vegetative modules in monocultures, 0 . 029; in 60-species mixtures, 0 . 048).
DISCUSSION
Plant traits have been the focus of many studies during the last decade to understand functional trade-offs, their role in resource acquisition, processing and use and their effects on community composition and ecosystem processes (e.g. Lavorel and Garnier, 2002; McGill et al., 2006) . Functional traits of grass species and their relationships to environmental gradients such as climate (e.g. Oyarzabal et al., 2008; Albert et al., 2010) , nutrient availability and management (e.g. Craine et al., 2001; Al Haj Khaled et al., 2005; Díaz et al., 2007; Maire et al., 2009; Pontes et al., 2010) have been investigated in several studies. Grass species are known to exhibit different strategies in response to nutrient supply or disturbance, being either fast-growing and maximizing resource exploitation (associated with high SLA, high leaf nitrogen concentrations and a short leaf lifespan) or slow-growing with a maximization of resource conservation (associated with low SLA, low leaf nitrogen concentrations and a long leaf lifespan) (van der Werf et al., 1993; Ryser and Urbas, 2000) . Nitrogen and light are the most limiting factors for plant growth in temperate grasslands. The more complete use of these resources in plant communities of increasing diversity suggests an intensified competition among species. Thus, a niche separation through functional differences among plant species is pivotal to maintain large species richness in a small area. The present study focused on functional traits of above-ground plant organs known to be associated with light and nutrient acquisition and use in 12 grass species. It was shown that all investigated traits differed significantly among grass species, contrasting the widespread assumption of high redundancy within a seemingly homogenous plant functional group (Table 3 ). Large differences in the expression of different trait combinations (Fig. 4) suggested species-specific strategies of grass species to achieve equilibrium in carbon and nitrogen acquisition and use for growth. This implies that ecological differences among grass species allow for their coexistence and complementarity in temperate grasslands (Gross et al., 2007) and that usual classifications into functional groups are critical when examining the assembly of plant communities and ecosystem processes (Wright et al., 2005) .
Plant diversity effects on traits associated with light acquisition
Increasing species richness is associated with a decrease in light supply through the development of a taller and denser canopy associated with a higher leaf area index (Spehn et al., 2005; Lorentzen et al., 2008) . Closed canopies are characterized by pronounced gradients in spectral light quality and quantity (Jones, 1992) . Grasses in the present study exhibited two strategies in adjustment to increasing competition for light: (1) shade avoidance reflected by shoot, internode and leaf elongations associated with a larger investment into supporting tissues; and (2) shade tolerance by increasing SLA. Phytochrome-mediated stem elongation is a typical response to shade triggered by changes in light quality with lower red : far red ratios (Smith, 1982) . In the present study, plant diversity effects on morphological traits associated with light acquisition were mainly attributable to the presence of legumes, because species richness effects on variation in these traits mostly did not remain statistically significant when fitted after legume presence (Table 3 ). In the Jena Experiment the presence of legumes is associated with a higher community leaf area index and canopy density (Roscher et al., 2010) , thus reducing light availability for co-occurring grass species, while canopy density within species richness-levels is more variable. Although the investigated grass mostly displayed an intermediate combination of shade tolerance and shade avoidance strategies (Henry and Aarssen, 1997) , significant interaction terms of plant diversity with species identity and species separation along the leading axes of a PCA (Fig. 4) indicated species-specific responses. For instance, grass species with taller modules, e.g. A. pratensis, A. elatius, D. glomerata or A. pubescens, showed little variation in SLA in response to legume presence in contrast to smaller grass species which adjusted their shoot length or exhibited a larger plasticity in SLA (e.g. F. rubra, Ph. pratense and P. trivialis) (Figs 2 and 4) .
In contrast, declining foliar d 13 C values were associated with increasing species richness and legume presence (Figs 1 and 2) . Although increasing foliar d
13 C values were opposed to increasing SLA and leaf nitrogen concentrations in multiple-trait analyses (Fig. 4) , a decreasing relative height and increasing SLA could best explain declining foliar d
13
C values in separate analyses of most grass species. In contrast, no indication for positive relationships between leaf nitrogen concentrations and foliar d
13 C values was found as expected if an improved nitrogen supply would increase the photosynthetic capacity of grass species (Evans, 1989) . Thus, it is more likely that canopy characteristics determined variation in foliar d 13 C values. Increasing air humidity and decreasing leaf temperatures in lower canopy layers could affect the ratio of intercellular to ambient CO 2 concentrations (C i : C a ) during assimilation via stomata aperture, thus leading to changes in the 13 C : 12 C ratio in bulk leaf material (Farquhar et al., 1989) . In accordance to Jumpponen et al. (Buchmann et al., 2002) . Particularly in the lower layers of dense canopies, CO 2 concentrations increase due to low turbulences and soil respiration and thus 13 C : 12 C ratios decrease (Buchmann and Ehleringer, 1998) . In fact, CO 2 enrichment in the lower layers of a 60-species mixture has been measured in the present experiment (unpubl. res.). Buchmann et al. (2002) showed that about 30 % of the vertical variations in foliar d
C values within a canopy are typically due to source air effects, while 70 % of these foliar variations are due to plant ecophysiology. Therefore, the observed decrease in foliar d
13 C values of grass Likelihood ratios (L ratio) were used to assess model improvement and levels of significance are given (* P ≤ 0 . 050; ** P , 0 . 010; *** P , 0 . 001).
For an explanation of statistical analyses and abbreviations, see Table 3 . Mixed-effects models with species identity as random term were fitted separately for trait values of reproductive modules and vegetative modules in monocultures and 60-species mixtures. The restricted maximum likelihood method was applied to estimate between-and within-species variance components. species might be partly due to changes in the d 13 C of source CO 2 with increasing plant diversity, as a consequence of a higher canopy density (Lorentzen et al., 2008) and increased microbial activities (Eisenhauer et al., 2010) .
Plant diversity effects on traits associated with nitrogen acquisition and use Traits related to N acquisition and use, i.e. leaf nitrogen concentrations and shoot biomas s : N ratios, did not change with plant species richness but were strongly influenced by legume presence, suggesting positive effects of legumes on nitrogen nutrition of grass species (Table 3) . In contrast, variation in foliar d (Table 3 and Fig. 2I ). Facilitation of non-legume species through N 2 -fixing legumes has been demonstrated in several biodiversity experiments (e.g. Tilman et al., 1997; Hille Ris Lambers et al., 2004; Temperton et al., 2007) . Even though the variation in foliar d 15 N was partly due to legume presence, the present results support the hypothesis that legumes also indirectly facilitated co-occurring grasses. Due to the additional atmospheric N source, more soil nitrogen might have been spared and thus been available for non-legume species in communities with legumes . Further mechanisms might have also contributed to the observed decline in foliar d N values at increasing species richness, supported by reduced levels of soil-extractable nitrate and increasing competition for soil N in the Jena Experiment (Oelmann et al., 2007) .
Plant diversity effects on niche segregation among grass species
The larger convex hull volumens of multiple-trait space occupied by the investigated grass species in 60-species mixtures compared with monocultures suggested that trait adjustment of grass species increased niche segregation in more diverse plant communities. The separate inspection of traits showed that niche separation among grass species was dependent on the considered trait (Table 5 ). For instance, higher between-species-variance components in shoot length, leaf length, foliar d
13 C values and SLA (reproductive modules only) in 60-species-mixtures suggested niche separation among grass species in light acquisition. While niche separation among grass species in traits associated with nitrogen acquisition and use were larger in 60-species-mixtures than in monocultures in early summer, when grasses reach maximum biomass production, the opoosite was observed in late summer. These seasonal differences suggest that niche separation in nitrogen acquisition traits might be larger in periods of larger resource demands. The unexpectedly larger average niche width of grass species in 60-species mixtures co-occurring with a larger total niche space (larger convex hull volumes) indicates that trait adjustment may increase complementarity among grass species by niche extension. In contrast, complementarity through niche separation may differ between light and nutrient acquisition.
Conclusions
Although general effects of increasing species richness and, particularly, the presence of legumes on variation in functional traits of grass species were found, trait expression differed strongly among grass species. The present results are supported by studies reporting substantial variation among traits of taxonomically and phylogenetically closely related grass species in response to nutrient availability or disturbance (e.g. Craine et al., 2001; Díaz et al., 2007; Pontes et al., 2010) . However, previous studies have shown that ranking of species based on trait values measured in different environments, e.g. under different nutrient availability, remains conserved (Garnier et al., 2001; Al Haj Khaled et al., 2005) . The present study provided clear evidence that increasing plant diversity results in species-dependent effects on the expression of traits associated with light and nitrogen acquisition of grass species, which consequently also affects the 'ranking' of trait values among grass species. Thus, differences in both, the set of their trait values and in their species-specific strategies to respond to increasing plant diversity are the base for niche partitioning among different grass species and their coexistence in species-rich plant communities.
